Introduction
The level of device integration and the clock speed of microelectronic devices have been steadily increasing over the last several decades. This has resulted in a continuous increase in the power density of electronic devices, giving rise to the need for aggressive and effective cooling solutions. The recent development in microfabrication technology has enabled a new class of heat sinks for high heat flux applications made of microelectromechanical system ͑MEMS͒ based microchannel. Microchannels with micro pin fins have been receiving attention because they can significantly enhance the performance of heat sinks compared with plain microchannels. As a result, a research on flow boiling and single-phase flow in micro-pin fin heat sinks has been carried out by several groups ͓1-12͔. It is well known that heat transfer during subcooled flow boiling can be significantly enhanced compared with single-phase liquid flow. However, very limited studies have been performed to elucidate the heat transfer characteristics of subcooled boiling in micro pin fin configurations.
In conventional scale, subcooled flow boiling has been extensively studied for in-tube systems and various models have been developed to predict the heat transfer rates. These methods can be broadly classified into three categories, namely: empirical correlations to predict the wall heat flux ͓13-17͔, empirical correlations to predict the partitioning of wall heat flux ͓14,18,19͔, and mechanistic correlations for the total heat flux and their partitioning ͓20-22͔. Warrier and Dhir ͓23͔ provided a detailed review on these various methods and concluded that mechanistic correlations give a better physical insight into subcooled boiling phenomenon and proposed the use of submodels to define the bubble dynamics. Literature review reveals that boiling in crossflow systems has been extensively studied, but very limited studies have been reported in subcooled boiling regime for these configurations. Huang and Witte ͓24,25͔ studied the effect of liquid flow and high subcooling across a bank of horizontal tube bundles and developed a correlation for the heat transfer coefficient using the methodology by Chen ͓26͔ developed for saturated nucleate boiling. Shah ͓27͔ compared his correlation for heat transfer coefficient around a single-tube, developed for highly subcooled liquid, with various correlations developed for low subcooled liquid and found good agreement. Cornwell ͓28͔ studied saturated nucleate flow boiling in tube bundles and attributed the enhancement in heat transfer rates to sliding bubbles. Gupta ͓29͔ attributed the enhancement in the heat transfer coefficient during nucleate boiling to the turbulence caused by the presence of bubbles on the surface.
It has been shown that reduction in length scale has a considerable affect on the bubble dynamics and flow characteristics during flow boiling. For subcooled flow boiling this is especially important since the heat transfer mechanism is very dependent on the bubble nucleation process. For example, Lee et al. ͓30͔ and Kuo et al. ͓31͔ examined the bubble dynamics for water in a microchannel and observed considerable differences compared with conventional scale systems. Cognata et al. ͓5͔ performed a visual study on flow pattern in staggered square micro pin fins and observed bubbly, slug, and annular flows. Krishnamurthy and Peles ͓3͔ investigated flow boiling heat transfer of water across densely packed staggered micro pin fins-primarily focusing on saturated flow boiling-and found that convective boiling was the dominant heat transfer mechanism.
Based on previous studies, it can be concluded that knowledge about bubble characteristics in diminishing length scales is important to elucidate heat transfer mechanisms. In the current manuscript, flow boiling across a single row of inline micro pin fins entrenched in a microchannel is presented. The microdevice consists of five 200 m wide and 243 m deep microchannels, each equipped with an inlet orifice, consisting of 24 columns of 100 m diameter circular pin fins, with pitch-to-diameter ratio of 4. This study aims to elucidate the local heat transfer coefficient, to identify flow patterns, and to decipher the heat transfer mechanisms. Additionally, the performance of the pin fin device was compared with a plain microchannel device.
Device Design
A computer aided design ͑CAD͒ schematic of the microdevice, consisting of five 200 m wide and 243 m deep microchannels entrenched in a 1800 m wide channel, is shown in Fig. 1 . Each microchannel encompassed 24 inline 100 m diameter micro pin fins with a pitch-to-diameter ratio of 4. Pressure taps were placed at the inlet and the exit of the microchannel array to enable pressure measurements. A micro-orifice, 400 m long and 20 m wide, was fabricated upstream of each microchannel to suppress flow oscillations. A heater was deposited on the backside of the channel-pin fin section excluding the orifice to provide the requisite heat flux. A thermistor 10 m wide and 300 m long was placed 3.33 mm from the channel inlet. A Pyrex cover sealed the device from the top and allowed flow visualization. For details regarding the experimental set up and microfabrication process flow, please refer to Ref. ͓3͔. 
Data Reduction
The voltage and current were used to calculate the input power, while the local temperature from the thermistor was obtained from the calibration curve. Assuming 1D steady state conduction through the silicon block, the local surface temperature of the device was obtained by
The local quality was calculated from the known mass flow rate according to
The local heat transfer coefficient for the microchannel with pin fins was calculated according to 
where
The mean local fluid temperature ͑T mx ͒ was obtained through an energy balance
The total surface area of the channel is given by
The above equations ͑Eqs. ͑3͒ and ͑5͒͒ were solved iteratively to obtain the local heat transfer coefficient. Similar methodology was adopted to obtain the heat transfer coefficient for the plain channel, but the total surface area was calculated as
͑6͒
The convective resistance used to evaluate the thermal performance is
The statistical average value of the heat transfer coefficients h x and the corresponding Nusselt numbers over all heat fluxes for a fixed Reynolds number in the single-phase region was obtained by
The uncertainties associated with the measured values were obtained from the manufacturers' specification sheets ͑Table 1͒ while the uncertainties associated with the derived quantities were obtained by using the propagation of uncertainty analysis, and are also given in Table 1 . In order to determine the dominant flow patterns in the device, images were taken at 10 different locations along the length of the channel. The flow patterns were then manually classified into bubbly flow, multiple flow ͑M͒, and annular flow ͑A͒. The bubbly flow was further categorized into two regions: isolated bubbles ͑I͒ and bubbles interacting ͑BI͒. The isolated bubble region extends over a relatively small section of the channel, where bubbles nucleated and departed without coalescing with bubbles from neighboring sites ͑Fig. 2͑a͒͒. With increasing nucleation site density, bubbles began to coalesce ͑Fig. 2͑b͒͒, and formed larger bubbles with diameter smaller than the pin in diameter. Further downstream, these bubbles grew and developed into vapor slugs, which were intermittently sheared by the pin fins and broken into bubbles again. This region where bubbles and vapor slugs coexisted was termed multiple flow ͑Fig. 2͑c͒͒. Eventually, the vapor slugs merged and the flow transitioned to annular flow, where liquid traversed through the channel walls, while vapor propagated through the core-nucleation was suppressed ͑Fig. 2͑d͒͒. In the channel inlet, only liquid single-phase was present. As expected, for a given mass flux, all flow patterns shifted upstream with increasing heat flux. Figures 3͑a͒-3͑d͒ show a flow maps for all mass fluxes as a function of wall heat flux and normalized axial distance. The hatch regions on the flow map indicate flow transition regions. Visualization measurements were repeated three times to obtain a meaningful statistical average transition zone. In order to obtain a more general flow map using all mass fluxes and heat fluxes, an attempt to collapse the four flow maps into a single map using the boiling number was carried out. This was done by first plotting the above flow maps in terms of the boiling number and normalized axial distance, followed by fitting the data points with a best curve fit, as shown in Fig. 4 . 90% of the transition data points fell within Ϯ12% of the transition lines, as shown by the dotted lines in the figure.
Heat Transfer Coefficient.
The local single-phase heat transfer coefficient is shown as a function of the wall heat flux for different mass fluxes in Fig. 5͑a͒ . The heat transfer coefficient characteristics followed similar trend to those observed in conventional scale tube bundle systems, i.e., independent of wall heat flux and increasing with mass fluxes. Figure 7 shows the variation in the heat transfer coefficient as a function of the local quality for the four mass fluxes. The majority of the datum points corresponding to two-phase flow are in the subcooled boiling regime. Figure 7 also shows that the heat transfer coefficient during subcooled boiling is considerably higher compared with the single-phase heat transfer coefficient. Such an enhancement during heat transfer coefficient in nucleate boiling has been observed in both conventional scale channels and minichannels ͓32,33͔ and has been attributed to various mechanisms, such as the evaporation of the microlayer beneath a growing bubble, transient conduction through the cold liquid layer replacing the superheated liquid layer carried away by the departing bubble ͓21͔, and sliding bubbles ͓28͔. The contribution of these mechanisms are added linearly to account for the total heat flux according to ͓21͔
where q t Љ, q ev Љ , q tr Љ, and q sp Љ are the total heat flux, evaporative heat flux, quenching heat flux, and single-phase heat flux, respectively. Transactions of the ASME
The contribution of the above mentioned mechanisms toward the observed enhancement in the heat transfer is assessed below.
Heat Transfer Enhancement Mechanisms
Evaporative heat flux. The evaporative heat flux is defined as the latent energy carried away by the bubbles per unit area and consists of two terms arising from the stationary and sliding bubbles
The stationary bubble heat flux is associated with the growth of the bubble nucleating on the surface, and the sliding bubble is associated with the heat transfer during bubble growth while moving along the surface. In Eq. ͑11͒, the bubble departure frequency was assumed to be equal to the bubble lift off frequency-an assumption that is based on observation of many bubbles. Assuming the departing bubble to be spherical, the volume of the departing and lifting bubbles can be calculated as
Quenching heat flux. As a bubble departs from a nucleation site, it displaces superheated liquid adjacent to the wall by cold liquid from the bulk flow. Han and Griffith ͓34͔ postulated that the departing bubble carries away with it liquid from an area-termed area of influence-that is four times the projected area of the departing bubble. The quenching heat flux was obtained by following the approach adopted by Mikic and Rohsenow ͓35͔ assuming pure conduction through the liquid in the area of influence. For any stationary bubble departing from the site, the total average heat flux over the area of influence is given by 
In addition to the stationary bubbles, the bubbles sliding along the surface also displaced the liquid from the surface. Assuming transient conduction through the displaced liquid layer, the total average heat flux over the area swept by the bubble is given by
The sliding area for the bubbles was obtained as follows:
l is the sliding distance, which was obtained through flow visualization. The bubble lift off diameter was found to be approximately four times the bubble departure diameter for bubbles nucleating from the frontal stagnation point ͑ = 0 deg͒ and twice the bubble departure diameter for bubbles departing from the sidewalls. It should be noted that the use of Han and Griffith's quenching term might not be entirely adequate to sliding bubbles since a sliding bubble is merely moving the superheat liquid layer along the wall rather than displacing it from the surface. However, it can be argued that because of this the model should overpredict the contribution of a sliding bubble. The analysis about the heat transfer mechanisms discussed in the paper will later show that the contribution of the quenching to the total heat flux is insignificant and therefore, that quenching is not an important heat transfer mechanism in this study. In other words, the use of the quenching model by Han and Griffith ͓34͔ serves in this study to demonstrate that it is not an important mechanism rather than to obtain accurate measure of the quenching effect.
The total heat transfer through transient conduction can be added linearly as
In order to determine the above heat fluxes, the bubble dynamics on the heated wall, such as bubble departure frequency, nucleation site density, and bubble departure diameter are necessary, and were obtained through flow visualization technique discussed in Ref. ͓36͔ . Since clear bubble images were required to obtain the parameters defining the bubble dynamics, all images were taken in the isolated bubble region. Figures 6͑a͒-6͑d͒ also show the conditions under which the isolated bubbles were observed ͑shown by arrows͒. Table 2 gives values of various parameters defining the bubble dynamics between z = 2.5 mm and z = 3.5 mm. Table 2 also shows the contribution of the evaporative and transient conduction heat fluxes to the total heat flux. Since the bubbles emanated from two angular positions ͑ = 0 deg, = 180 deg͒ ͓36͔, the bubble dynamics parameters for these locations were included in the calculation of the evaporative and transient heat fluxes. The contributions of both the evaporative and the transient conduction heat fluxes toward the total heat flux were insignificant. This shows that another significant mechanism in the form of bulk fluid agitation is a more potent heat transfer mode than the local heat removal ͑or just the motion͒ of the superheated layer adjacent to the wall. Basu et al. ͓21͔ stated that for regions between the onset of nucleate boiling and onset of significant void-the region where the bubble interaction begin to dominate-the enhancement in the heat transfer coefficient was mainly due to single-phase convection, which was enhanced ͑by up to 30%͒ as a result of the presence of bubbles on the surface. The enhancement in the heat transfer coefficient in the current study ranges between 50-90% in the isolated bubble region, which was larger than those observed in conventional scale systems. Based on the values obtained for the evaporative and transient conduction heat fluxes in the current study, it can be concluded that in the isolated bubble region, the observed enhancement in the heat transfer coefficient is neither due to microlayer evaporation nor due to the transient conduction through the liquid layer. It appears that the presence of bubble in the flow has a more pronounced influence on the heat transfer characteristics in the current microscale study than in large scale systems. The relatively large bubble diameter-to-channel hydraulic diameter ratio, compared with conventional scale systems, can significantly alter the flow characteristics in the channel, and thus, the heat transfer mechanisms. For example, the Reynolds number calculated for a bubble of largest diameter ͑approximately 75 m͒ and the highest mean flow velocity in this study ͑827 kg/ m 2 s͒ is 124, which corresponds to laminar flow. It can thus be postulated that the bubbles growing on the sidewalls and the pin fins induce wakes downstream the channel ͑very much similar to the vortex shedding observed in classical fluid dynamics such as flow across cylinders and spheres͒, which disrupts the boundary layer significantly beyond the region immediately adjacent to the bubble resulting in higher heat transfer coefficient. The small length scale of the channel can significantly amplify the bubble agitation effect. Additionally, the presence of recirculation zone upstream and downstream the pin fin can also contribute significantly toward enhanced mixing, and thus, enhanced heat transfer. Therefore, at low qualities, the observed enhancement can be attributed to bubble agitation and perturbation of the boundary layer. Similar argument was recently made by Donnelly et al. ͓37͔ who studied flow across a sliding bubble on an inclined surface and concluded that bubble induced wakes contribute significantly toward heat transfer enhancement. At high qualities, the nucleation site density increased and bubbles began to merge. This in turn increased the evaporation and transient conduction contributions to the total heat flux. At higher qualities ͑multiple bubble interaction region͒, the heat transfer enhancement might be due to similar mechanisms observed in a conventional scale.
Comparison With a Plain Microchannel.
To study the effect of the pin fins on the heat transfer coefficient, experiments with plain microchannels were also conducted under similar thermal hydraulic conditions and the thermal resistances of the two devices were compared. The total thermal resistance consists of Table 2 Bubble dynamics in the isolated bubble region "z =2.5-3.5 mm… conductive resistance ͑R cond ͒ resulting from heat conduction from the base of the silicon block to the channel surface; sensible heat resistance due to heating of the liquid ͑R heat ͒; and convective resistance ͑R conv ͒ resulting from convection from the channel walls to the fluid. Since the experiments were conducted at similar mass flow rates for both devices, the resistances due to sensible heating were the same. Likewise, the conductive resistance was the same for the two devices. Thus, only the convective resistance was Figure 8 compares the single-phase convective resistance ͑Eq. ͑7͒͒ as a function of mass flow rate for both microchannel systems. The convective resistance decreases with increasing mass flow rate for both devices. The lower thermal resistance of the microchannels with pin fins compared with the plain microchannel is a result of the higher heat transfer coefficient and larger surface area. Figure 9 compares the ratio of the Nusselt number-based on the channel hydraulic diameter-for both devices as a function of Reynolds number ͑Re D defined based on hydraulic diameter of the channel͒. The enhancement of the heat transfer coefficient increased from 1.3 to 3 when the Reynolds number increased from 84 to 197. Therefore, in addition to the surface area enhancement ͑A pin = 1.25 A plain ͒, the presence of pin fins significantly affects the hydrodynamic characteristics of the flow resulting in increased heat transfer coefficient. The enhancement increase with the Reynolds number can be attributed to the wake interaction between the pin fins. At low Reynolds number, the wake interaction is less rigorous, and thus, a lower enhancement in the heat transfer coefficient was observed. But at higher Reynolds number, the interaction between the wakes increased, promoting advection ͑mixing͒, and thus, reducing the thermal resistance. Figures 10͑a͒-10͑c͒ show the heat transfer coefficient as a function of mass quality for both devices. The heat transfer coefficient followed similar trend with respect to quality, but was quantitatively lower for the plain microchannel for all mass fluxes. The comparison of the convective resistance as a function of local quality ͑Figs. 11͑a͒-11͑c͒͒ also shows that the resistance is lower for the microchannel with pin fins. It is also evident that the rate at which the convective resistance decreases for the plain microchannel is higher compared with that observed in the microchannel with pin fins. This can partly be attributed to the more rapid decrease in the fin efficiency of the micro pin fins compared with that of channel sidewalls. Thus, with increasing heat flux, the effective surface area of the microchannel with pin fins decreased more rapidly compared with that of plain microchannel. As a result, the resistance of the microchannel with pin fins decreases more moderately. Nevertheless, the heat transfer is still enhanced by convective mixing of the pin fins, which lowers the convective resistances compared with plain microchannel. The enhancement in heat transfer coefficient is quantified by an enhancement factor E p defined as Figure 12 shows the variation in the enhancement factor for different qualities. The enhancement in the two-phase heat transfer coefficient is smaller when compared with the enhancement observed during single-phase. As discussed previously, the enhancement in the two-phase heat transfer coefficient in the isolated bubble region is due to bubble agitation and the perturbation of the boundary layer by the bubbles. Unlike in channel with micro- pin fins, where the presence of pin fins shadows the agitation affect, in plain microchannel, such agitation can affect extended regions of the channel. As a result, the heat transfer coefficient for the plain channel increases at a higher rate compared with microchannel with pin fins in the isolated bubble region. But with increasing heat flux, for the microchannel with pin fins in the multiple bubble interaction region, the heat transfer coefficient increases significantly due to convective mixing aided by the presence of the pin fins. It follows that the enhancement increases after reaching a minimum, which was observed for both G ch = 282 kg/ m 2 s and G ch = 417 kg/ m 2 s.
Summary
Subcooled and low quality saturated flow boiling across micro pin fins entrenched in a microchannel was studied for various mass fluxes and heat fluxes. The following summarizes the main findings of this study.
• Flow visualization revealed the existence of isolated bubbles, bubbles interacting, multiple flow pattern, and annular regions along the channel length. The observed flow patterns were mapped as a function of the boiling number along the channel length.
• Single-phase heat transfer coefficient for the microchannels with pin fins was found to be considerably higher compared with the plain wall channels. This was attributed to a combination of enhanced area and mixing.
• Considerable enhancement in the heat transfer coefficient during subcooled boiling over the corresponding singlephase heat transfer coefficient was observed. In the isolated bubbles region, this enhancement was attributed to the agitation of the liquid due to bubble protrusion and disruption of the boundary layer.
• The heat transfer coefficient during subcooled boiling for the microchannel with pin fins was higher than the corresponding value for plain microchannel. But the enhancement in the heat transfer coefficient was smaller in comparison to that observed during single-phase flow, especially in the isolated bubble region. This was attributed to the reduction in fin efficiency.
